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1. INTRODUCTION {#jcmm15478-sec-0001}
===============

Spinal cord injury (SCI) is one of the most serious traumatic diseases that affects half a million people each year, especially for young adults. After suffering from contusion, compression or traumatic accidents, the epicentre region of spinal cord undergoes a complex pathological change, including primary injury and secondary injury.[^1^](#jcmm15478-bib-0001){ref-type="ref"}, [^2^](#jcmm15478-bib-0002){ref-type="ref"} The former directly results in tissue damage and neural cell death. The latter cascade reaction frequently generates the formation of free radical and triggers chronic inflammatory response, leading to cystic cavities and scar tissue forms.[^3^](#jcmm15478-bib-0003){ref-type="ref"} These two pathological progressions of SCI greatly intensify the failure of axonal regeneration, which seriously affects a patient\'s quality of life and life expectancy. Unfortunately, up to now, researchers have not created an available approach for effectively stimulating and guiding axonal growth to ensure functional recovery after SCI.

Over the last decades, numerous strategies have been attempted to locally apply growth factors (GFs) to improve morphological and behavioural outcomes after SCI. Moreover, these GFs have been demonstrated to modulate the survival of damaged neurons, facilitate axonal sprouting and regeneration, as well as block inhibitory molecules.[^4^](#jcmm15478-bib-0004){ref-type="ref"}, [^5^](#jcmm15478-bib-0005){ref-type="ref"} As two typical GFs, basic fibroblast growth factor (bFGF) and nerve growth factor (NGF) are capable of stimulating neurogenesis, axonal growth and angiogenesis in the central nervous system.[^6^](#jcmm15478-bib-0006){ref-type="ref"}, [^7^](#jcmm15478-bib-0007){ref-type="ref"}, [^8^](#jcmm15478-bib-0008){ref-type="ref"}, [^9^](#jcmm15478-bib-0009){ref-type="ref"} Treatment of exogenous bFGF shifted astroglial population towards neurogenic radial/progenitor bipolar glia cells, which contributed to decrease astrocyte reactivity and glial scar formation at later stage of SCI.[^7^](#jcmm15478-bib-0007){ref-type="ref"} NGF‐loaded gelatin nanostructured lipid carriers showed significant therapeutic effects on improving locomotion recovery of SCI through inhibiting endoplasmic reticulum (ER) stress‐induced apoptosis.[^10^](#jcmm15478-bib-0010){ref-type="ref"} However, during SCI, some GFs expression, such as bFGF and NGF, are greatly reduced within the lesion site.[^11^](#jcmm15478-bib-0011){ref-type="ref"} These declining GFs production has been shown to cause protracted neuronal loss and neurological dysfunction. Thus, an optimal spinal cord regeneration need supplement of exogenous GFs. Considering administration of exogenous GFs exists some drawbacks, such as their short half‐life and poor penetrability of the blood spinal cord barrier (BSCB).[^12^](#jcmm15478-bib-0012){ref-type="ref"} Therefore, it is necessary for developing a drug delivery strategy that can effectively deliver bFGF and NGF into the spinal cord injury site to enhance neuronal development and axonal regeneration.[^13^](#jcmm15478-bib-0013){ref-type="ref"}, [^14^](#jcmm15478-bib-0014){ref-type="ref"}

Hydrogels are networks of polymer chains that possess excellent biocompatibility, biodegradability, permeability and biomechanical properties. Several studies have confirmed that these water‐swollen cross‐linked hydrogels are suitable for injecting into the cystic cavity to re‐establish a favourable microenvironment for facilitating the repair and reconstruction of damaged or defected tissues.[^15^](#jcmm15478-bib-0015){ref-type="ref"}, [^16^](#jcmm15478-bib-0016){ref-type="ref"}, [^17^](#jcmm15478-bib-0017){ref-type="ref"} In order to effectively improve growth factor (GF) therapy on SCI, we developed a novel thermosensitive heparin‐poloxamer (HP) hydrogel. This thermosensitive hydrogel has several advantages[^18^](#jcmm15478-bib-0018){ref-type="ref"}: (a) a high affinity for various GFs; (b) controlling these GFs release in a steady fashion; (c) protecting them from enzymolysis, and (d) avoiding side effects of high GF concentrations at the injectable site. Thus, after incorporating bFGF and NGF into HP vehicle, this GFs‐HP system not only reduces the frequency of administration, but also sustains NGF and bFGF release for a sufficient period of time to persistently treat SCI.

It is well known that different GFs have different biological effects via interacting their corresponding receptors. NGF usually bind two receptors, namely high‐affinity receptor tyrosine kinase A (TrkA) and low‐affinity receptor p75^NTR^. TrkA possesses tyrosine protease activity to trigger the activation of diverse downstream signalling mechanisms, including MAPK, phosphatidylinositol 3 kinase and protein kinase B (PI3K/Akt) and PLCγ pathways.[^19^](#jcmm15478-bib-0019){ref-type="ref"} The p75^NTR^ receptor is a transmembrane glycoprotein that generally activates the NF‐κB signalling to exert distinct roles on regulating neuronal survival, development and maturation.[^20^](#jcmm15478-bib-0020){ref-type="ref"} The specific role of NGF in repairing SCI depends on which receptor to bind. Perhaps an exact technique is to examine the expression of NGF and its receptors in different tissues. bFGF is the widely identified GF that can induce angiogenesis and neurogenesis through two known receptors, the high‐affinity fibroblast growth factor FGF receptor (FGFR) and the low‐affinity heparan sulphate proteoglycan (HSPG), respectively. Among them, FGFR1 was studied frequently and elicited the activation of Ras‐Raf‐MAPK, JNK and PI3K/Akt signalling cascades to promote cellular survival, growth and proliferation via forming bFGF‐FGFR1 complex.[^21^](#jcmm15478-bib-0021){ref-type="ref"} However, whether these two GFs in this study act on their receptors alone or together to activate the PI3K/Akt and/or MAPK/ERK pathways remains to be further studied.

In the present study, we hypothesized that the sustained release of bFGF and NGF from GFs‐HP could interact with cell membrane receptors, including FGFR1 and Trk A, to activate the downstream transduction pathways of PI3K/Akt and mitogen‐activated protein kinase/extracellular signal‐regulated kinase (MAPK/ERK). Activation of these two signalling cascades was able to further increase the survival of neurons, upregulate intrinsic protein expression and enhance axon regrowth, as well as improve the functional recovery after acute SCI in rats. We firstly observed the micromorphology of HP containing with/without GFs using scanning electron microscopy (SEM), In addition, the repair and regeneration of injured spinal cord by in situ injection of GFs‐HP hydrogel was comprehensively evaluated through immunohistochemistry, immunofluorescence staining and Western blotting. This approach may provide GFs‐HP as a potential agent for repairing acute SCI.

2. MATERIALS AND METHODS {#jcmm15478-sec-0002}
========================

2.1. Preparation of HP and GFs‐HP hydrogels {#jcmm15478-sec-0003}
-------------------------------------------

Based on the previous description, heparin‐poloxamer (HP) was prepared according to the EDC/NHS method.[^22^](#jcmm15478-bib-0022){ref-type="ref"} Briefly, poloxamer 407 (Badische Anilin Soda Fabrik Ga) reacted with 1.3 mmol/L 4‐nitrophenyl chloroformate and diamino ethylene to obtain a mono amine‐terminated Poloxamer (MATP). Then, this intermediate was coupled with heparin salt by EDC and NHS in 2‐(N‐morpholine) sulphonic acid (MES) buffer for 1 day at 25°C. The reactive mixture was dialysed for 3 days and lyophilized to obtain HP powder. GFs‐HP hydrogel, consisted of HP hydrogel, bFGF and NGF, was prepared using the cold method. Briefly, HP powders were dissolved in fresh saline and gentle stirred at 4°C for a period of 24 hours to obtain a clear solution. Then, bFGF and NGF organic solution (2.00 and 1.42 mg/mL, respectively, obtained from Key Laboratory of Biotechnology and Pharmaceutical Engineering, Wenzhou Medical University) were immediately added to the HP solution under vigorous magnetic agitation to obtain their final concentration with 17% (w/w), 1 and 1 mg/mL, respectively. The final mixture was stored at 4°C for subsequent experiments. The whole process was carried out under aseptic conditions.

2.2. Micromorphology of HP and GFs‐HP hydrogels {#jcmm15478-sec-0004}
-----------------------------------------------

The micromorphology of the dehydrated HP and GFs‐HP hydrogels was characterized using scanning electron microscopy (SEM, Hitachi H‐7500). Briefly, after freezing with l liquid nitrogen, the frozen HP hydrogels were dried in a freeze dryer for 24 hours. Subsequently, they were carefully crosscut and placed into the conductive glue for gold‐plating. Lastly, HP morphology was observed by SEM.

2.3. SCI model and orthotopic injection {#jcmm15478-sec-0005}
---------------------------------------

Adult female Sprague Dawley (SD) rats (220‐250 g) were purchased from the Laboratory Animal Center. The animal use and care protocol were conformed to the Guide for the Chinese National Institutes of Health (NIH) and approved by the Animal Care and Use Committee of Wenzhou Medical University. Before the production model of SCI, animals were maintained for at least 7 days to adjust to the standardized laboratory temperature (23 ± 2°C), humidity (35%‐60%) and a light‐dark cycle (12:12 hours). The surgical procedures to construct the impact SCI model were performed as previously described.[^23^](#jcmm15478-bib-0023){ref-type="ref"} In short, after anesthetizing by 10% (w/v) chloral hydrate (3.5 mL/kg, i.p.), the animals were exposed T9‐T10 lamina using rongeur. Then, the 2.5‐mm stainless steel impactor tip was positioned over the midpoint of T9‐T10 and dropped from a height of 12.5 mm (150 kdyn force) to strike the exposed spinal cord. Afterwards, dissected muscle, fascial and skin were sutured layer by layer with 4‐0 absorbable lines. The sham group only exposed spinal cord without SCI.

Following SCI, the injured rats were further divided into 4 groups (n = 10 for each): SCI, HP hydrogel, free GFs and GFs‐HP hydrogel. Each animal was orthotopic injection of HP, free GFs or GFs‐HP solution with the volume of 20 µL using microsyringe. The rats were administered with penicillin for consecutive 7 days. The bladder was massaged triple daily until the bladder function returned to normal.

2.4. Locomotion recovery evaluation {#jcmm15478-sec-0006}
-----------------------------------

Basso‐Beattie‐Bresnahan (BBB) score and footprint analysis were conducted to evaluate the restoration of hindlimb locomotor function. In brief, at predetermined time points (0, 3, 7, 14, 21 and 28 days), the movement of rats' hind limbs were recorded by trained investigators who were blind to the experimental conditions. The BBB score ranged from 0 to 21 points, where 0 points indicated complete paralysis and 21 points represented normal locomotion.

At the time point of 28 day post‐surgery, a footprint analysis was performed by dipping the animal\'s hindpaws in dye. All of the rats are tested in a confined walkway (an 8.2 cm wide by 42‐cm‐long white paper) with a dark shelter at the end. Each experiment/group was randomly selected at least 5 rats to evaluate motor function recovery.

2.5. Preparation of spinal cord tissue {#jcmm15478-sec-0007}
--------------------------------------

Rats in each group were sacrificed at 28 day after SCI. The animals were anesthetized with 10% chloral hydrate (3.5 mL/kg, i.p.). Then, the hearts were perfused with normal saline. After the saline infusion, the spinal segment of the injury centre (0.5 cm length) was harvested and stored at −80°C immediately for immunoblotting. For other experiments, such as haematoxylin and eosin (HE) staining, Nissl staining, immunohistochemistry and immunofluorescence, the prepared process was described previously.[^24^](#jcmm15478-bib-0024){ref-type="ref"} Briefly, after washing away the blood, the epicentre sections of injured spinal cord (0.5 cm) were extracted and fixed in 4% paraformaldehyde overnight. Next, the samples were sequentially underwent rinsing, dehydration, permeabilization and embedding. Lastly, longitudinal or transverse sections were then cut into 5 µm on a cryostat (Leica Microsystems Wetzlar GmbH).

2.6. Histological analysis {#jcmm15478-sec-0008}
--------------------------

The prepared transverse sections were implemented HE Staining and Nissl following the manufacturer\'s instructions. It should be emphasized that the sections were dyed with haematoxylin for 5 minutes, with eosin for 2 minutes and with cresyl violet for 8 minutes in our experimental condition. Then, the images were captured using an optical microscope (Nikon ECLIPSE Ti‐S, Ruikezhongyi Company).

2.7. Immunofluorescence and immunohistochemistry labelling {#jcmm15478-sec-0009}
----------------------------------------------------------

After dewaxing and hydration, the transverse or longitudinal paraffin sections were incubated in 3% H~2~O~2~ for 15 minutes and then in blocking solution for 1 hour at room temperature. Subsequently, the sections were incubated at 4°C over‐night with the following primary antibodies: NeuN (ab‐177487, Abcam, 1:500), GFAP (ab7260, Abcam, 1:1000) and NF‐200 (ab‐8135, Abcam, 1:1000). The next day, redundant antibodies on the tissue sections were washed with PBST for 15 minutes. The following procedures for immunofluorescence and immunohistochemistry were different. For the former, the sections were incubated with Alexa Fluor 488 donkey anti‐rabbit secondary antibody (ab‐150073, Abcam, 1:1000) at 37°C for 1 hour. After incubating with DAPI for 7 minutes, the samples were imaged using a confocal fluorescence microscope (Nikon). For immunohistochemistry, followed by incubated with horseradish peroxidase‐conjugated secondary antibodies at 37°C for 1 hour, the sections were stopped with 3, 3‐diaminobenzidine (DAB) and stained with haematoxylin. The images were captured using a confocal fluorescence microscope (Nikon, Japan). The quantification of each density was performed using the ImageJ software.

2.8. Western blotting {#jcmm15478-sec-0010}
---------------------

Total protein from the spinal cord tissue was purified using protein extraction reagents containing 1% protease and phosphatase inhibitors. The protein concentration of each sample was quantified with Carmassi Bradford reagents (Thermo). An equivalent amount of protein (60 µg) was separated by 10% SDS‐PAGE and transferred onto PVDF membranes (Bio‐Rad). After blocking with 5% (w/v) non‐fat milk, the membranes were further incubated with primary antibody solutions overnight at 4°C. The following primary antibodies were including: TrkA (ab‐76291, Abcam, 1:5000), FGFR1 (ab‐58516, Abcam, 1:1000), *P*‐AKT (sc‐514032, Santa Cruz, 1:1000), AKT (sc‐81434, Santa Cruz, 1:1000), *P*‐ERK (sc‐16982, Santa Cruz, 1:1000), ERK (sc‐514302, Santa Cruz, 1:1000), Bcl‐2 (60178‐1‐Ig, proteintech, 1:3000), Bax (60267‐1‐Ig, proteintech, 1:2000), cleaved caspase‐3 (sc‐373730, Santa Cruz, 1:500), GAP43 (ab75810, Abcam, 1:10 000), GFAP (ab7260, Abcam, 1:2000), NF‐200 (ab8135, Abcam, 1:5000) and GAPDH (K200057M, Solarbio, 1:5000). After three washed with TBST, the membranes were incubated with a 1:10 000 dilution of horseradish peroxidase‐conjugated secondary antibodies for 60 minutes at room temperature. Finally, signals were visualized by Chemi DocXRS + Imaging System (Bio‐Rad). All experiments were repeated three times.

2.9. Statistical analysis {#jcmm15478-sec-0011}
-------------------------

All data were presented as the mean ± standard error of the mean (SEM). For unpairwise comparisons, the Student\'s *t* test was used. For multiple comparisons, the one‐way analysis of variance (ANOVA) with Bonferroni\'s multiple comparisons for post hoc analysis was used. All statistical analyses were performed with statistical software GraphPad Prism software Version 5 (GraphPad Software, Inc), and *P* values \< .05 were considered statistically significance.

3. RESULTS {#jcmm15478-sec-0012}
==========

3.1. HP hydrogel loaded with GFs retain the 3D porous structure and thermal‐sensitive characteristic {#jcmm15478-sec-0013}
----------------------------------------------------------------------------------------------------

Previously, we confirmed that the HP solution with 17% (w/w) concentration had a controlled phase alteration temperature.[^25^](#jcmm15478-bib-0025){ref-type="ref"} Thus, this concentration of HP was also be adopted to investigate the microstructure and gelation properties. According to the SEM observation, HP presented a sponge‐like 3D porous structure that interconnected into a mesh shape (Figure [1A](#jcmm15478-fig-0001){ref-type="fig"}). Moreover, this liquid HP solution at 4°C could quickly transitioned to the hydrogel (gel) state upon heating to a body temperature of 37°C (Figure [1B](#jcmm15478-fig-0001){ref-type="fig"}). Similarly, the 3D porous structure and thermosensitive characteristic were still retained after adding bFGF and NGF to the HP (Figure [1A and B](#jcmm15478-fig-0001){ref-type="fig"}). Collectively, this 3D network structure of HP is suitable for loading various GFs and the temperature sensitivity of GFs‐HP is beneficial for orthotopic administration.

![Characterization of HP and GFs‐HP hydrogel. A, SEM images and the thermosensitive property of HP hydrogel. B, SEM images and the thermosensitive property of GFs‐HP hydrogels. The SEM images of both hydrogels were photographed at low magnification (left, scale bar: 200 µm) and high magnification (right, scale bar: 100 µm), respectively. Meanwhile, the temperature‐sensitive characteristic of both hydrogels was tested at 4 and 37°C condition](JCMM-24-8166-g001){#jcmm15478-fig-0001}

3.2. GFs‐HP promotes the motor functional recovery after SCI {#jcmm15478-sec-0014}
------------------------------------------------------------

To evaluate whether in situ GFs‐hydrogel injection therapy could effectively promote the recovery of motor function, footprint analysis and BBB locomotion scores were performed according to the method reported previously.[^18^](#jcmm15478-bib-0018){ref-type="ref"} As shown in Figure [2A](#jcmm15478-fig-0002){ref-type="fig"}, the footprint test could intuitively reflect the restoration of hind leg movement in each group at 28 days post‐injury (dpi). In the SCI and HP groups, injured rats still dragged their hind legs, leaving unambiguous footprint. In contrast, in the GFs and GFs‐HP groups, the footprint recordings exhibited coordinated crawling with very little toe dragging. Moreover, compared to the GFs group, GFs‐HP group exhibited better coordination. BBB evaluation showed that the hindlimb motion was lost immediately after SCI and subsequently manifested modest time‐dependent recovery. Surprisingly, BBB score between the GFs‐HP group and SCI group exhibited a statistical difference as early as 3 days post‐surgery. At subsequent time (7‐28 days), the BBB scores in the GFs‐HP group were markedly higher than that in the GFs solution group, which almost reached to sham group at day 28 (Figure [2B](#jcmm15478-fig-0002){ref-type="fig"}). All these data indicate that the GFs‐HP hydrogel (OI) group showed the best motor functional recovery compared with other treated groups, which is suitable for SCI repair.

![GFs‐HP improves the motor function recovery in SCI model rats. A, Footprint analyses of the sham, SCI, HP, GFs and GFs‐HP groups at 28 d post‐injury. B, BBB locomotion assessments of different groups at 1, 3, 7, 14, 21, 28 d post‐SCI. Values were expressed as the mean ± SEM, n = 10 per group. ^&^ *P* \< .05, ^&&^ *P* \< .01 vs the SCI group.^\*^ *P* \< .05, ^\*\*^ *P* \< .01 vs the SCI group. ^\#^ *P* \< .05, ^\#\#^ *P* \< .01 vs the GFs group](JCMM-24-8166-g002){#jcmm15478-fig-0002}

3.3. GFs‐HP improves morphologic degeneration in SCI rats {#jcmm15478-sec-0015}
---------------------------------------------------------

In order to verify GFs‐HP hydrogel could improve tissue damage and reduce neuronal loss, HE and Nissl staining in each group were detected at 28 days after injury, As shown in Figure [3A](#jcmm15478-fig-0003){ref-type="fig"}, sham group showed integral structure, manifesting in the clear grey and white outline and intensive ventral motor neurons (VMNs) filling in the grey matter. However, the dorsal white matter in SCI and HP groups was severely damaged and formed a huge cavity area, accompanying by scale VMNs survival. Compared with SCI and HP groups, GFs treatment showed large improvement of tissue morphology with less neuronal necrosis and more VMNs existence. Furthermore, the GFs‐HP group almost achieved the healing degree to the sham group. Nissl staining also exhibited a similar trend with HE staining. Specifically, there were a large number of Nissl bodies existed in the sham group, while only few Nissl bodies were observed in SCI and HP groups. Treatment of GFs and GFs‐HP, especially for the latter drug, significantly increases the numbers of Nissl bodies (Figure [3A](#jcmm15478-fig-0003){ref-type="fig"}). The ranking of the numbers of VMNs and Nissl bodies from high to low was as follows: sham group \> GFs‐HP hydrogel group \> GFs group \> HP hydrogel group \> SCI group (Figure [3B and C](#jcmm15478-fig-0003){ref-type="fig"}). All of these findings indicate that GFs‐HP hydrogel can exert a best therapeutic effect on protecting neuronal survival and ameliorating the pathological morphology in the injured spinal cord.

![GFs‐HP decreases the damage of tissue structure and the loss of neurons at 28 d after SCI. A, Representative images from HE staining (40× and 200×) and Nissl staining (200×) on transverse sections in sham, SCI, HP, GFs and GFs‐HP groups at 28 dpi. Scale bar: 500 µm for low magnification images and 100 µm for high magnification ones. B, Counting analysis of the number of VMNs from (A) of HE staining. C, Quantitative analysis of the Nissl bodies numbers from Nissl staining. Values were expressed as the mean ± SEM, n = 4 per group. ^&&&^ *P* \< .001 vs the SCI group. ^\*^ *P* \< .05, ^\*\*^ *P* \< .01 vs the SCI group. ^\#^ *P* \< .05, ^\#\#^ *P* \< .01 vs the GFs group](JCMM-24-8166-g003){#jcmm15478-fig-0003}

3.4. GFs‐HP hydrogel enhances neuronal survival and suppresses its apoptosis in vivo {#jcmm15478-sec-0016}
------------------------------------------------------------------------------------

Traumatic SCI often initiates neurological dysfunction, apoptosis and even necrosis, which severely impedes nerve regeneration and function recovery.[^26^](#jcmm15478-bib-0026){ref-type="ref"} To further evaluate the effects of GFs‐HP on promoting neuronal survival and reducing its apoptosis after SCI, immunofluorescence staining for NeuN and Western blotting for Bcl‐2, BAX and cleaved caspase‐3 was performed in the tested five groups at 28 dpi. As shown in Figure [4A and B](#jcmm15478-fig-0004){ref-type="fig"}, the number of NeuN‐positive cells in the SCI and HP groups was few, whereas the GFs treatment significantly increased the number of NeuN‐positive cells, but this trend was inferior to the GFs‐HP hydrogel (GFs‐HP group vs GFs group: *P* \< .05).

![GFs‐HP hydrogel enhances neuronal survival at 28 d after SCI. A, Fluorescence images of transverse sections show the expressions of NeuN in the sham, SCI, HP, GFs and GFs‐HP groups. Scale bar = 100 µm. B, Quantifying the number of NeuN^+^‐positive cells from (A). Results were expressed as the mean ± SEM, n = 4 per group. ^&&&^ *P* \< .001 vs the SCI group, ^\*^ *P* \< .05 vs the SCI group, ^\#^ *P* \< .05 vs the GFs group](JCMM-24-8166-g004){#jcmm15478-fig-0004}

Next, the expressing level of typical apoptotic proteins (BAX and cleaved caspase 3) and anti‐apoptotic protein (Bcl‐2) was further tested by Western blotting (Figure [5A](#jcmm15478-fig-0005){ref-type="fig"}). The results revealed that, compared to the sham group, the expression of apoptotic proteins was significantly upregulated but anti‐apoptotic protein was presented more lower in SCI and HP groups. GFs‐HP substantially reversed this trend, and this inhibiting degree was better than GFs treatment (Figure [5B‐D](#jcmm15478-fig-0005){ref-type="fig"}, GFs‐HP group vs GFs group: all *P* \< .05). All of the above data indicate that HP hydrogel combination of NGF and bFGF plays a significant beneficial role in promoting neuronal survival and reducing their apoptosis after SCI.

![GFs‐HP hydrogel reduces neuronal apoptosis at 28 d after SCI. A, Representative immunoblotting bands of Bcl‐2, BAX, cleaved caspase‐3 in the sham, SCI, HP, GFs and GFs‐HP groups. GAPDH was used as was used as the loading control and for band density normalization. B‐D, The optical density analysis of Bcl‐2, BAX, cleaved caspase‐3 proteins in five groups. Values were expressed as the mean ± SEM, n = 4 per group. ^&&&^ *P* \< .001 vs the SCI group. ^\*^ *P* \< .05, ^\*\*^ *P* \< .01, ^\*\*\*^ *P* \< .001 vs the SCI group. ^\#^ *P* \< .05 vs the GFs group](JCMM-24-8166-g005){#jcmm15478-fig-0005}

3.5. GFs‐HP hydrogel promotes axonal rehabilitation and plasticity {#jcmm15478-sec-0017}
------------------------------------------------------------------

The growth‐associated protein 43 (GAP43) is an axon growth‐related protein that regulates neurite growth, synaptic development and nerve cell regeneration.[^27^](#jcmm15478-bib-0027){ref-type="ref"} Upon maturation of the spinal cord, GAP43 is downregulated by mostly neurons. After nerve damage, the regenerative neurons can secrete a certain amount of GAP43 to mediate axonal extension and plasticity.[^28^](#jcmm15478-bib-0028){ref-type="ref"} Thereby, the detection of GAP43 expression can indirectly reflects the circumstances of axon outgrowth and synapse formation.[^29^](#jcmm15478-bib-0029){ref-type="ref"} In this study, we tested GAP43 expression in each group using Western blotting and immunofluorescence staining. As shown in Figure [6A](#jcmm15478-fig-0006){ref-type="fig"}, compared to the SCI and HP groups, the GAP43^+^ signals were largely enhanced in GFs and GFs‐HP groups. Western blotting also showed that the level of GAP43 expression was pretty low in the sham, while in the SCI and HP groups, this protein level was evidently increased. Moreover, this trend of GAP43 expression was further increased in GFs and GFs‐HP groups, especially for the latter group (Figure [6B and C](#jcmm15478-fig-0006){ref-type="fig"}, GFs‐HP group vs GFs group: *P* \< .001). These results proved that co‐delivery of bFGF and NGF with HP was favourable for axon outgrowth and plasticity.

![GFs‐HP hydrogel promotes axonal growth at 28 d after SCI. A, Representative fluorescence images for GAP43 of transverse sections from the injured spinal cord in each group. Scale bar = 50 µm. B, Protein expressions of GAP43 in each group via Western blotting detection. C, Densitometric analyses of GAP43 from (B). GAPDH was used for band density normalization. Values were expressed as the mean ± SEM, n = 4 per group. ^&&&^ *P* \< .001 vs the SCI group. ^\*\*\*^ *P* \< .001 vs the SCI group. ^\#\#\#^ *P* \< .001 vs the GFs group](JCMM-24-8166-g006){#jcmm15478-fig-0006}

3.6. GFs‐HP hydrogel enhances axonal regeneration and attenuates the reactive astrogliosis {#jcmm15478-sec-0018}
------------------------------------------------------------------------------------------

SCI leads to astrocyte\'s activation to form a glial scar around the injury site, which severely hinders neural regeneration and axonal regrowth.[^30^](#jcmm15478-bib-0030){ref-type="ref"} To investigate whether GFs‐HP could reduce glial scar formation to guide axon growth, the spinal cord sections in all experimental animals were stained for glial fibrillary acidic protein (GFAP, a marker of astrocyte activation) and neurofilament‐200 (NF‐200, marking for axon). Immunohistochemistry result showed that GFAP was presented abundance and dense at 28 dpi in the SCI and HP groups. In contrast, in the other two treating groups, especially for the GFs‐HP group, the GFAP staining showed an tremendous decrease, which was nearly closed to the sham group (Figure [7A and B](#jcmm15478-fig-0007){ref-type="fig"}), whereas NF‐200 staining intensity was exhibited an opposite tendency; that is, the ranking of NF‐200‐positive areas was as follows: sham group \> GFs‐HP hydrogel group \> GFs group \> HP hydrogel group \> SCI group (Figure [7A and C](#jcmm15478-fig-0007){ref-type="fig"}). Similarly, Western blotting detection of GFAP and NF‐200 expression in each group was consistent with the immunohistochemistry analysis (Figure [7D‐F](#jcmm15478-fig-0007){ref-type="fig"}). these results suggest that GFs‐HP hydrogel group has the best therapies for preventing glial scar formation to guide axon growth.

![GFs‐HP hydrogel promotes axonal regeneration and attenuates the reactive astrogliosis at 28 d after SCI. A, Immunohistochemical staining of NF‐200 and GFAP of longitudinal sections in the sham, SCI, HP, GFs and GFs‐HP groups at 28 d after SCI. Scale bar = 50 µm. B‐C, Quantitative analysis of GFAP and NF‐200‐positive area from A. D, Western blotting detected the protein levels of GFAP and NF‐200 in each group, GAPDH served as a protein loading control. E‐F, Quantification of GFAP and NF‐200 from D. Values were expressed as the mean ± SEM, n = 4 per group. ^&&&^ *P* \< .001 vs the SCI group. ^\*^ *P* \< .05, ^\*\*\*^ *P* \< .001 vs the SCI group. ^\#^ *P* \< .05, ^\#\#^ *P* \< .01 vs the GFs group](JCMM-24-8166-g007){#jcmm15478-fig-0007}

3.7. Therapeutic effects of GFs‐HP are linked to stimulate corresponding receptors to activate PI3K/Akt and MAPK/ERK pathways {#jcmm15478-sec-0019}
-----------------------------------------------------------------------------------------------------------------------------

Trk A and FGFR1 are high‐affinity receptors for interacting with NGF and bFGF, respectively.[^31^](#jcmm15478-bib-0031){ref-type="ref"} Both NGF/Trk A and bFGF/FGFR1 complexes can activate some downstream signalling cascades, such as PI3K/Akt and MAPK/ERK, to trigger several biological effects including neuronal survival, axonal outgrowth and synaptic plasticity.[^32^](#jcmm15478-bib-0032){ref-type="ref"} To explore whether GFs‐HP ameliorated SCI recovery was related to Trk A and/or FGFR1‐induced PI3K/Akt and MAPK/ERK activation, we first measured the expression levels of Trk A and FGFR1 in each group at 28 dpi by Western blotting. As expected, the expression of both receptors in GFs was higher than that of the SCI and HP groups, while the expression of Trk A and FGFR1 in the GFs‐HP hydrogel group was the highest in all treatment groups (Figure [8A‐C](#jcmm15478-fig-0008){ref-type="fig"}).

![GFs‐HP hydrogel treatment through receptor‐medicated PI3K/AKT and MAPK/ERK activation. A, Immunoblotting for TrkA and FGFR1 in each group. B‐C, The optical density analysis of TrkA and FGFR1 from A. D, Immunoblotting for *P*‐AKT, AKT, *P*‐ERK and ERK in the spinal cord segment at the contusion epicentre. GAPDH was used for band density normalization. E‐F, Quantifying the ratio of p‐AKT/AKT, p‐ERK/ERK from (D). Values were expressed as the mean ± SEM, n = 4 per group. ^&&&^ *P* \< .001 vs the SCI group. ^\*^ *P* \< .05, ^\*\*^ *P* \< .01, ^\*\*\*^ *P* \< .001 vs the SCI group, ^\#^ *P* \< .05, ^\#\#^ *P* \< .01, ^\#\#\#^ *P* \< .001 vs the GFs group](JCMM-24-8166-g008){#jcmm15478-fig-0008}

To further reveal whether initiated GF‐receptor expression was contributed to activate the downstream signalling pathways of PI3K/Akt and MAPK/ERK, the expression levels of *P*‐AKT, AKT, *P*‐ERK and ERK in five groups at the 28 days post‐surgery were tested by Western blotting. The results showed that the ratio of *P*‐AKT/AKT and *P*‐ERK/ERK in the free GFs and GFs‐HP hydrogel groups exhibited a marked increase, compared with the SCI and HP hydrogel groups. Furthermore, the GFs‐HP hydrogel group showed the highest ration among the five groups (Figure [8D‐F](#jcmm15478-fig-0008){ref-type="fig"}). These data indicate that the underlying mechanism of GFs‐HP hydrogel increasing neurological and functional recovery after SCI may be involve in binding Trk A and FGFR1 receptors to activate the MAPK/ERK and PI3K/Akt signalling pathways.

4. DISCUSSION {#jcmm15478-sec-0020}
=============

Our previous studies have utilized HP hydrogel with encapsulated single GF, such as acidic fibroblast growth factor (aFGF), bFGF, NGF or glial cell--derived neurotrophic factor (GDNF) for local injection into the SCI site.[^33^](#jcmm15478-bib-0033){ref-type="ref"}, [^34^](#jcmm15478-bib-0034){ref-type="ref"}, [^35^](#jcmm15478-bib-0035){ref-type="ref"}, [^36^](#jcmm15478-bib-0036){ref-type="ref"}, [^37^](#jcmm15478-bib-0037){ref-type="ref"} The results showed that these single GF‐loaded injectable HP hydrogel achieved a certain improvement in promoting neuronal survival, axonal regeneration and functional recovery. However, nerve regeneration after SCI is a dynamic process that involves multiple GFs to modulate this process. Individual GF supplement is not sufficient to achieve successful axon regrowth across the lesion region. To overcome this difficulty, we encapsulated bFGF and NGF into HP hydrogel. Our results had revealed that this GFs‐HP hydrogel possessed robust effects on promoting the recovery of motor function, enhancing axon regeneration and reducing neurons apoptosis and glial scar formation. Furthermore, we also explored that the molecular mechanism of this GFs‐HP on repairing SCI was related to activate the MAPK/ERK and PI3K/Akt signalling pathways.

During the regeneration and development of the central nerve system, axon regeneration and synaptic connections are essential to achieve optimal functional recovery after SCI. Over the last few decades, numerous therapeutic strategies including transplantation of stem cells and/or biomaterials[^38^](#jcmm15478-bib-0038){ref-type="ref"}, [^39^](#jcmm15478-bib-0039){ref-type="ref"}, [^40^](#jcmm15478-bib-0040){ref-type="ref"} were aimed to improve neuroprotective and neuroregenerative capacity of damaged spinal cord, but positive clinical outcomes remained to be seen. The reasons that leaded to the failure of SCI repair should be attributed to the following reasons[^41^](#jcmm15478-bib-0041){ref-type="ref"}, [^42^](#jcmm15478-bib-0042){ref-type="ref"}: (a) the weak growth capacity of damaged neurons; (b) the deterioration of regenerative microenvironment due to excessive inflammatory activation and myelin debris accumulation; and (c) glial scar, cystic cavity and inhibitory molecules formation. Therefore, how to ameliorate the intrinsic capacity of damaged neurons, how to create an optimal microenvironment for axonal regeneration and how to suppress the formation of glial scar and cystic cavities are critical issues for restoring SCI.

GFs belong to polypeptide therapeutic agents, which shows to exert multiple functions on neurogenesis, axonal growth, neuroprotection and revascularization. These attractive properties are considered for optimizing application of GFs in spinal cord repair. Based on the fact that different GFs exert distinctive activities and different neuronal subpopulations in the injured region of spinal cord need to apply different GFs, we consider that multiple GFs combinational treatment may be optimal as a feasible and effective therapeutic strategy for repairing SCI. In the present study, the reason of selecting NGF and bFGF together to treat SCI was considered as follows: (a) bFGF was regarded as a strong inducer for angiogenesis that was favour for supplying the nerve with oxygen and nutrients[^43^](#jcmm15478-bib-0043){ref-type="ref"}, [^44^](#jcmm15478-bib-0044){ref-type="ref"}, [^45^](#jcmm15478-bib-0045){ref-type="ref"}, [^46^](#jcmm15478-bib-0046){ref-type="ref"}; (b) NGF promoted axonal regrowth and sprouting, remyelination and synaptic plasticity[^47^](#jcmm15478-bib-0047){ref-type="ref"}; (c) their distinctive biological effects on angiogenesis and neurogenesis were able to enhance vessel‐nerve interaction, leading to synergistically facilitate functional recovery following SCI.[^48^](#jcmm15478-bib-0048){ref-type="ref"}, [^49^](#jcmm15478-bib-0049){ref-type="ref"}, [^50^](#jcmm15478-bib-0050){ref-type="ref"}, [^51^](#jcmm15478-bib-0051){ref-type="ref"} However, free application of both NGF and bFGF to repair SCI was hard to achieve an effective concentration at injured site, especially for the late stage of spinal cord repair. The reasons were including: both of them were biomacromolecules that possessed hard to penetrate the BSCB and easy degradation by proteolytic enzymes plus rapid diffusion in body fluids.[^52^](#jcmm15478-bib-0052){ref-type="ref"}, [^53^](#jcmm15478-bib-0053){ref-type="ref"}, [^54^](#jcmm15478-bib-0054){ref-type="ref"}

In order to maintain their long‐term bioactivity, we employed the previous preparative heparin‐poloxamer (HP) hydrogel which consisted of Poloxamer 407 and heparin for delivering NGF and bFGF directly to the lesion area of damaged spinal cord. Poloxamer 407 possesses high biocompatibility that has been approved by US Food and Drug Administration (FDA) for biomedical application, such as vascular anastomosis.[^25^](#jcmm15478-bib-0025){ref-type="ref"} The ingredient of heparin has been demonstrated to combine multiple GFs with a high affinity. Thus, after embedding both GFs into HP, this GFs‐based delivery system not only released NGF and bFGF in a temporally and spatially controlled manner, but also protected them from proteolytic degradation. We have previously reported that the release characteristic of NGF and bFGF from this GFs‐HP exhibited an initial rapid phase during the first week, and a slow sustained release for prolonged time, with total release of bFGF and NGF from HP, was estimated to be 35% and 48%, respectively, over the 35‐day duration.[^18^](#jcmm15478-bib-0018){ref-type="ref"} Moreover, previous literatures had confirmed that HP hydrogel delivery of aFGF, bFGF, keratinocyte growth factor (KGF) or 17β‐estradiol exhibited remarkable therapeutic outcomes in various diseases, including SCI repair, wound healing or endometrial regeneration.

In the present study, we observed that the thermo‐sensitivity property and three‐dimensional network structure were not changed after incorporating NGF and bFGF into HP hydrogel (Figure [1](#jcmm15478-fig-0001){ref-type="fig"}). Moreover, compare with the orthotopic injection of free GFs or HP only, using this GFs‐HP hydrogel to repair chronic SCI contusion model provided more stronger and robust therapeutic efficacy and efficiency for inducing neuronal survival and axonal regrowth/plasticity, improving motor functional recovery, as well as reducing glial scar and cell apoptosis (Figures [2](#jcmm15478-fig-0002){ref-type="fig"}, [3](#jcmm15478-fig-0003){ref-type="fig"}, [4](#jcmm15478-fig-0004){ref-type="fig"}, [5](#jcmm15478-fig-0005){ref-type="fig"}, [6](#jcmm15478-fig-0006){ref-type="fig"}, [7](#jcmm15478-fig-0007){ref-type="fig"}, [8](#jcmm15478-fig-0008){ref-type="fig"}). These superior neuroprotective and neuroregenerative capacity indicate GFs‐HP is a safe and effective therapeutic drug for the treatment of chronic SCI. However, the related molecular mechanism of this superior effects is still unknown.

Accumulated evidence shows that MAPK/ERK and PI3K/Akt signalling pathways are particularly important for regulating neuronal survival and axonal regrowth under a wide variety of circumstance.[^55^](#jcmm15478-bib-0055){ref-type="ref"}, [^56^](#jcmm15478-bib-0056){ref-type="ref"}, [^57^](#jcmm15478-bib-0057){ref-type="ref"} Recent studies have implied the benefit effects of NGF on exerting neurogenesis and neuroprotection after acute SCI is related to bind Trk A receptor‐mediated activation of MAPK/ERK and PI3K/Akt axes.[^47^](#jcmm15478-bib-0047){ref-type="ref"}, [^50^](#jcmm15478-bib-0050){ref-type="ref"} Furthermore, the protective effects of bFGF on angiogenesis and functional recovery in contusive SCI rats were involved in bFGF interacting with its FGFR1 to activate MAPK/ERK and PI3K/Akt signalling cascades.[^58^](#jcmm15478-bib-0058){ref-type="ref"}, [^59^](#jcmm15478-bib-0059){ref-type="ref"} To verify whether GFs‐HP improves SCI structure and function was related to GFs‐HP constantly releasing NGF and bFGF to activate MAPK/ERK and PI3K/Akt signalling pathways via binding its corresponding receptors, we detected the protein expression of Trk A and FGFR1 receptors, and two signalling cascades‐related proteins using Western blotting. Results showed that the expression of Trk A and FGFR1, and the ratio of *P*‐Akt/Akt and *P*‐ERK/ERK were pretty low in SCI group. After administration of free GFs, this trend was significant reversed, but inferior to the GFs‐HP group (Figure [8](#jcmm15478-fig-0008){ref-type="fig"}). The reason might be explained that the sustained release of NGF and bFGF from GFs‐HP could invariably bind their corresponding receptors at a certain amount to persistently activate MAPK/ERK and PI3K/Akt signalling caspases, leading to continually repair SCI.

In conclusion, we describe here that a high affinity--binding hydrogel biomaterial with sustained release of bFGF/NGFF has the promising to serve as an effective therapeutic agent drug for improving SCI damage. This GFs‐HP has great biocompatibility and thermosensitive property, which is favourable for in situ administration. In the treatment of SCI, a single injection of this GFs‐HP manifests a great beneficial effect on the recovery of motor function. More importantly, GFs‐HP exhibited superior effects on neuroprotection and neuroregeneration, manifesting in promoting neuronal survival, enhancing axonal regeneration and plasticity, and attenuating neuronal apoptosis, as well as inhibiting glial scar former. Finally, we verify that the above therapeutic effects are probably achieved by activations of the MAPK/ERK and PI3K/Akt signalling pathways. Therefore, single injection of thermosensitive GFs‐HP hydrogel in situ may be a very promising strategy for the repair of SCI.
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